Introduction {#S0001}
============

*Cannabis sativa* is the most commonly used illicit psychoactive drug in the United States (U.S.) and Europe \[[1](#CIT0001)\]. In the U.S., 11 states and Washington D.C. have legalized the recreational use of cannabis and 33 states have legalized the use of medicinal cannabis \[[2](#CIT0002),[3](#CIT0003)\]. Since 1995, cannabis potency (defined as the concentration of the psychoactive cannabis component delta-9-tetrahydrocannabinol, or THC, in the sample \[[4](#CIT0004)\]) has consistently risen from \~4% to as high as 32% in some states \[[2](#CIT0002),[5](#CIT0005),[6](#CIT0006)\]. Changes in cannabis potency have been accompanied by changes in attitudes about cannabis and patterns of cannabis use. Between 2002 and 2014, the percentage of adults in the U.S. who perceived cannabis use as risky declined from 50% to 33% \[[6](#CIT0006)\]. During this same period, the percentage of U.S. adults who believed cannabis to have no risk rose from 6% to 15% \[[6](#CIT0006)\]. According to a 2015 Survey on Drug Use and Health, 52.5% of men in the U.S. of reproductive age (≥18) have reported cannabis use at some point in their lives, making cannabis exposure especially relevant for potential future fathers \[[7](#CIT0007)--[11](#CIT0011)\].

Given the increased prevalence of cannabis use in the U.S., studies are beginning to focus on the effects of use on the health and development of offspring. Prenatal cannabis exposure via maternal use during pregnancy is associated with decreased infant birth weight, an increased likelihood to require the neonatal intensive care unit, and the potential for an impaired fetal immune system compared to those infants who are not exposed during gestation \[[1](#CIT0001),[12](#CIT0012)\]. In rodent studies, rat pups born to parents who were both exposed to THC during adolescence had increased heroin-seeking behaviour later in life, a phenotype that was accompanied by epigenetic changes in the nucleus accumbens \[[13](#CIT0013)--[15](#CIT0015)\]. These studies and others have begun to highlight the potential for intergenerational consequences of cannabis exposure \[[16](#CIT0016)\]. Identifying the mechanism that underlies these changes is critical as cannabis use continues to increase across the U.S.

The environment impacts the integrity and maintenance of the epigenome such that it is now viewed as a molecular archive of past exposures \[[17](#CIT0017)\]. While the majority of environmental epigenetic studies are focused on the impact of the *inutero* environment on the epigenome and health of the child, it has become apparent that the exposure history of the father must also be considered -- specifically the impact of his exposures on the sperm epigenome. Studies have shown that exposure to phthalates, pesticides, nutritional deficiencies, and obesity can all induce potentially heritable changes in the sperm epigenome \[[18](#CIT0018)--[24](#CIT0024)\]. It is likely that other common and emerging exposures, including cannabis, may also contribute to disruption of sperm DNA methylation in a similar fashion, and that such changes could be transmitted to the subsequent generation.

Using reduced representation bisulphite sequencing (RRBS) our group recently demonstrated that cannabis use in humans, and THC exposure in rats, is associated with decreased sperm concentrations and widespread changes in sperm DNA methylation \[[25](#CIT0025)\]. Of the regions identified in humans, Discs-Large Associated Protein 2 (*DLGAP2)* exhibited significant hypomethylation in the sperm of cannabis-exposed men compared to controls (p \< 0.05). DLGAP2, a membrane-associated protein located in the post-synaptic density of neurons, plays a key role in synapse organization and neuronal signaling \[[26](#CIT0026)\]. Dysregulation of DLGAP2 is associated with various neurological and psychiatric disorders, such as autism spectrum disorder (ASD) and schizophrenia \[[26](#CIT0026)--[29](#CIT0029)\]. In our prior screen, we identified 17 differentially methylated CpG sites within *DLGAP2* in the sperm of cannabis-exposed men compared to controls. *DLGAP2* was just one of 46 genes with greater than 10 CpG sites showing significantly altered DNA methylation in the sperm of cannabis users compared to controls, out of the 2,077 genes we identified as having altered DNA methylation. The first objective of this study was to validate our preliminary RRBS findings for *DLGAP2* using quantitative bisulphite pyrosequencing. Our second objective was to determine the functional association between DNA methylation and gene expression of *DLGAP2* to better understand how cannabis use might affect this relationship. To determine the possible intergenerational effects of paternal cannabis use, our third objective was to determine if *Dlgap2* was differentially methylated in the sperm of rats exposed to THC versus controls, and if so, whether or not these changes were intergenerationally heritable.

Results {#S0002}
=======

*DLGAP2* is hypomethylated in sperm from cannabis users versus controls by Reduced Representation Bisulphite Sequencing (RRBS)

Our prior study \[[25](#CIT0025)\] revealed 17 differentially methylated sites by RRBS in the sperm of cannabis users compared to controls for the *DLGAP2* gene. Table S1 lists all 17 of these sites and their genomic coordinates. [Figure 1a](#F0001) graphically demonstrates the significant hypomethylation of nine of these sites that are clustered together in the seventh intron of this gene. *DLGAP2* is schematically shown in [Figure 1b](#F0001), including the exon-intron structure, position of CpG islands, transcription start site and the region of interest in intron 7 within the context of the gene body, with an inset showing the nucleotide sequence analysed in this study.10.1080/15592294.2019.1656158-F0001Figure 1.Reduced representation bisulphite sequencing data and *DLGAP2* schematic demonstrating the region used for bisulphite pyrosequencing. (a) RRBS data for *DLGAP2* from our prior study. This genome-scale analysis identified CpG sites that were differentially methylated in the sperm of cannabis users compared to controls. Results for nine CpG sites, intronically located in *DLGAP2*, that were significantly hypomethylated in the sperm of cannabis users compared to controls. (b) A gene schematic of *DLGAP2*. Exons are represented by the rectangular boxes, while the ovals represent CpG islands. The sequence identified by RRBS that was subsequently analysed here is identified in the inset. CpG site 7 (7\*) was not initially identified in the RRBS data but included in further analyses, for a total of 10 CpG sites analysed. (c) Pyrosequencing assay validation (performed in triplicate) for *DLGAP2*. Data points and error bars represent the mean ~±~ SEM, respectively. Error bars not shown had deviations too small for inclusion on the graph. (d) Pyrosequencing results showing the average level of DNA methylation for each of the ten CpG sites of *DLGAP2* in human conceptal diploid testes tissues demonstrate that the intron 7 region of *DLGAP2* is not an imprint control region. Shown are the mean ~±~ SEM.\* = p \< 0.05; \*\* = p \< 0.01; \*\*\* = p \< 0.001.

*Validation of* DLGAP2 *RRBS methylation data* {#S0002-S2001}
----------------------------------------------

To confirm the methylation differences that were initially detected using RRBS, we designed a bisulphite pyrosequencing assay for the *DLGAP2* intron 7 region (see [Figure 1b](#F0001)) which captures 10 CpG sites, nine of which were identified as significantly differentially methylated using RRBS. We first validated pyrosequencing assay performance using defined mixtures of fully methylated and unmethylated human genomic DNAs. The measured levels of methylation by pyrosequencing showed good agreement between the amount of input methylation levels and the amount of methylation detected (r^2^ = 0.99 and p = 0.0003) ([Figure 1c](#F0001)). These results confirmed the linearity of the assay in the ability to detect increasing amounts of DNA methylation at this region across the full range of possible methylation values, and indicate that the assay is suitable for use with biological specimens.

*The* DLGAP2 *intron 7 region is not an imprinting control region (ICR)* {#S0002-S2002}
------------------------------------------------------------------------

*DLGAP2* is paternally expressed in the testis, biallelically expressed in the brain, and has low expression elsewhere in the body \[[30](#CIT0030)\]. Since *DLGAP2* is known to be genomically imprinted in testis \[[30](#CIT0030)\], and since the imprint control region for this gene has not yet been defined, we sought to determine if the region of interest in intron 7 is part of the *DLGAP2* imprint control region (ICR). The methylation at ICRs is established during epigenome reprogramming in the primordial germ cells in embryonic development. Male and female gametes exhibit divergent methylation at ICRs, and this methylation profile is maintained through subsequent post-fertilization epigenetic reprogramming and in somatic cells throughout the life course. Therefore, we expected that if the *DLGAP2* intron 7 region is an ICR, the diploid testis tissues from human conceptuses would exhibit approximately 50% methylation due to the complete methylation of one allele at this region and the complete lack of methylation at the other allele. Human conceptal testes tissues (n = 3) showed an average of 72.5% methylation at the *DLGAP2* intron 7 region ([Figure 1d](#F0001)). This finding, of higher than anticipated and variable levels of methylation, is inconsistent with ICR status.

Bisulphite pyrosequencing validates the RRBS methylation data in human sperm {#S0002-S2003}
----------------------------------------------------------------------------

We next performed quantitative bisulphite pyrosequencing on the same sperm DNA samples from cannabis users and controls as those used to generate the RRBS data to confirm the loss of methylation present at the intron 7 region of *DLGAP2*. All nine CpG sites that were hypomethylated in the cannabis users by RRBS were also found to be hypomethylated by bisulphite pyrosequencing, as well as an additional CpG site that was captured in the assay design (p \< 0.05 for all 10 sites) ([Figure 2](#F0002)). Following Bonferroni correction of the p value to adjust for multiple comparisons (p \< 0.005), CpG sites 1,2,3,5,7,8,9, and 10 remained significant. From this pyrosequencing assay we observed methylation differences of 7--15% between the sperm of the cannabis users (n = 8) compared to controls (n = 7). Correlation of the RRBS and pyrosequencing data for each individual CpG site showed significant agreement at all sites analysed (p \< 0.02 for all sites; Figure S1). All CpG sites showed a significant loss of methylation in accordance with the direction of change observed by RRBS for these same CpG sites.10.1080/15592294.2019.1656158-F0002Figure 2.Bisulphite pyrosequencing results for *DLGAP2*. Bisulphite pyrosequencing of sperm DNA from cannabis exposed (black) and non-user controls (gray), validating our RRBS findings for *DLGAP2*. Shown are the mean ~±~ SEM. \* = p \< 0.05; \*\* = p \< 0.005; \*\*\* = p \< 0.0005.

*Methylation of* DLGAP2 *intron 7 is inversely correlated with* DLGAP2 *expression* {#S0002-S2004}
-----------------------------------------------------------------------------------

Given that we observed significant loss of intron 7 *DLGAP2* DNA methylation in sperm of cannabis users relative to non-users, we next examined the relationship between DNA methylation and gene expression in the brain, where this gene's function is critical. We used 28 conceptal brain tissues to examine the relationship between DNA methylation and mRNA expression. Expression levels were normalized to the lowest expressing sample, and the relationship between DNA methylation and mRNA expression was calculated with a Pearson correlation. We found that as methylation increased in this region, mRNA expression decreased significantly (p \< 0.05) ([Figure 3a](#F0003)). Knowing that there are sex differences in autism spectrum disorder (ASD), and that dysregulation of *DLGAP2* is associated with ASD \[[26](#CIT0026)\], we sought to determine if there were any sex differences in the methylation-expression relationship in these tissues. To investigate this, we ran the correlation for males (n = 15) and females (n = 13) independently. The inverse relationship between methylation and expression was evident for both males and females, but this relationship was significant only in females (p = 0.006) ([Figure 3b, c](#F0003)).10.1080/15592294.2019.1656158-F0003Figure 3.Relationship between DNA methylation and gene expression for *DLGAP2*. Inverse correlation between DNA methylation and fold-change expression in the region of interest for *DLGAP2* in all n = 28 conceptal brain tissues (a), in n = 15 males (b) versus n = 13 females (c) .

*Intergenerational inheritance of altered* Dlgap2 *DNA methylation* {#S0002-S2005}
-------------------------------------------------------------------

We next sought to investigate *Dlgap2* using data obtained from our prior study \[[25](#CIT0025)\] to determine if there was any differential methylation of *Dlgap2* in THC versus control rats that was not initially identified using the imposed thresholds of that study. We were particularly interested in the potential for intergenerational transmission and to determine if route of THC exposure affected DNA methylation at this gene. The pilot study rats \[[25](#CIT0025)\] were given THC via oral gavage (to mimic oral ingestion of drug) while subsequent studies dosed rats via intraperitoneal injection (to mimic inhalation of drug). From the rats administered THC via oral gavage versus controls, we identified a region of *Dlgap2* that showed differential methylation by the RRBS analysis that contains eight CpG sites. This region is in the first intron of *Dlgap2*, in a CpG island that spans the first exon of this gene as well (schematic of the gene structure and sequence of this region shown in [Figure 4a](#F0004)). We validated the rat *Dlgap2* pyrosequencing assay using commercially available rat DNA of defined methylation status. The results showed good agreement between the input methylation and the amount of methylation detected by pyrosequencing (r^2^ = 0.92, p = 0.01) ([Figure 4b](#F0004)).10.1080/15592294.2019.1656158-F0004Figure 4.Rat *Dlgap2* gene schematic and pyrosequencing assay validation. (a) A gene schematic of *Dlgap2*. Exons are represented by the rectangular boxes, while the oval represents a CpG island. The sequence of interest is identified in the inset. (b) Pyrosequencing assay validation performed in triplicate for *Dlgap2*. Error bars represent the SEM. Error bars not shown had deviations too small for inclusion on the graph. (c) Bisulphite pyrosequencing data from control (gray) or 4mg/kg THC exposed (black) rat sperm for *Dlgap2. *Shown is the mean +/- SEM for each group. \* = p \< 0.05; \*\* = p \< 0.01.

We were able to demonstrate intergenerational inheritance of an altered DNA methylation pattern in *Dlgap2*. Comparing the average methylation for exposed and unexposed sperm for each CpG site revealed that sites 2,3,4 and 6 of the eight CpG sites analysed were significantly hypomethylated in the sperm of rats exposed via injection to 4mg/kg THC compared to controls (p = 0.03 to p = 0.005) ([Figure 4c](#F0004)). CpG site 6 remained significant after Bonferroni correction (p \< 0.006). The same region of *Dlgap2* was then analysed in the hippocampus and nucleus accumbens of rats whose fathers were exposed to control or 4mg/kg THC. While CpG site 7 was significantly hypomethylated (p \< 0.05) in the hippocampus of the offspring ([Figure 5a](#F0005)), this site was not identified as differentially methylated in the sperm of THC exposed rats, and therefore we could not conclude that this change was transmitted as the result of changes present in the exposed sperm. In the nucleus accumbens, however, significant hypomethylation (p = 0.02) at CpG site 2 was detected in the offspring ([Figure 5b](#F0005)), one of the same sites identified in the sperm of THC exposed rats. We also found that there was an inverse relationship between DNA methylation and expression of *Dlgap2* in the nucleus accumbens, though not statistically significant likely due to the small sample size available in this study (n = 6 exposed, n = 8 unexposed; Figure S2).10.1080/15592294.2019.1656158-F0005Figure 5.Bisulphite pyrosequencing for rat *Dlgap2* in offspring hippocampus and nucleus accumbens. Hippocampal (a) and nucleus accumbens (b) *Dlgap2* bisulphite pyrosequencing data for rats born to control (gray) or THC exposed (black) fathers. Shown is the mean +/- SEM for each group. \* = p \< 0.05.

Discussion {#S0003}
==========

In this study, we examined the effects of regular male cannabis use on human sperm DNA methylation, at *DLGAP2*. Our RRBS study initially identified 17 CpG sites in *DLGAP2* that were differentially methylated in the sperm of cannabis users compared to controls. Of the sites that were initially identified, nine of them all reside together in the seventh intron of this gene, though not in a defined CpG island. To first confirm the RRBS data, we performed quantitative bisulphite pyrosequencing for the nine clustered CpG sites. We were able to capture an additional CpG site with careful assay design for a total of ten CpG sites analysed via bisulphite pyrosequencing. We successfully validated the RRBS findings, confirming that there was significant hypomethylation among these ten sites with cannabis use. We confirmed a significant inverse correlation between methylation and expression at this region in human conceptal brain tissues.

To begin to determine whether or not the effects of cannabis on sperm are heritable, we analysed sperm from THC exposed and control male rats, as well as the hippocampus and nucleus accumbens from offspring of THC exposed and control males for changes in DNA methylation at *Dlgap2*. Rats exposed to THC were given a dose (4mg/kg THC for 28 days) that is pharmacodynamically equivalent to daily cannabis use to resemble frequent use in humans. We identified significant hypomethylation at *Dlgap2* in the sperm of exposed rats as compared to controls. This hypomethylated state was also detected in the nucleus accumbens of rats born to THC exposed fathers compared to controls, supporting the potential for intergenerational inheritance of an altered sperm DNA methylation pattern. While the changes in the degree of methylation are small in the rats (0.5--0.7%), we previously reported that fractional changes in methylation can significantly influence the degree to which the gene's expression is altered \[[31](#CIT0031)\].

DLGAP2 is a member of the DLGAP family of scaffolding proteins located in the post-synaptic density (PSD) of neurons. The PSD is a protein-dense web that lies under the postsynaptic membrane of neurons and facilitates excitatory glutamatergic signaling in the central nervous system \[[26](#CIT0026),[32](#CIT0032)\]. DLGAP2 functions to transmit neuronal signals across synaptic junctions and helps control downstream signaling events \[[26](#CIT0026),[32](#CIT0032)\]. Due to its important role in PSD signaling, even small changes in the expression of DLGAP2 can have severe consequences \[[26](#CIT0026),[32](#CIT0032)\]. Of particular relevance, DLGAP2 has been linked to schizophrenia and importantly, has been identified as an autism candidate gene \[[27](#CIT0027),[28](#CIT0028),[33](#CIT0033),[34](#CIT0034)\]. Differential methylation of *DLGAP2* is reported in the brain of individuals with autism, and has been linked to post-traumatic stress disorder in rats \[[27](#CIT0027),[35](#CIT0035)\]. Knockout of *Dlgap2* in mice results in abnormal social behaviour, increased aggressive behaviour, and learning deficits \[[36](#CIT0036)\].

Studies are increasingly showing associations between cannabis use and various neuropsychiatric and behavioural disorders including anxiety, depression, cognitive deficits, autism, psychosis, and addiction \[[2](#CIT0002),[6](#CIT0006),[7](#CIT0007),[9](#CIT0009),[14](#CIT0014),[37](#CIT0037)--[39](#CIT0039)\]. Research looking into the effects of THC exposure found that rat pups born to parents who were exposed to THC during adolescence showed increased effort to self-administer heroin compared to those born to unexposed parents \[[13](#CIT0013)\]. This increase in addictive behaviour was driven by THC-induced changes in DNA methylation, occurring in the striatum, including the nucleus accumbens \[[14](#CIT0014),[15](#CIT0015)\]. One of the genes whose methylation was altered by parental THC exposure was *Dlgap2* \[[15](#CIT0015)\]. Recently, a group from Australia analysed datasets from two independent cohorts to examine the relationship between cannabis legalization in the U.S. and ASD incidence. They determined there was a strikingly significant positive association between cannabis legalization and increased ASD incidence. Further, the study authors predicted that there will be a 60% increase in excess ASD cases in states with legal cannabis by 2030, and deemed ASD the most common form of cannabis-associated clinical teratology \[[40](#CIT0040)\].

It is estimated that the ratio of boys with ASD to girls with ASD is 4:1 which led us to stratify our analysis looking at the relationship between DNA methylation and gene expression by sex \[[41](#CIT0041),[42](#CIT0042)\]. The results of our methylation-expression analyses demonstrated a significant association in females but not males. While we don't know the ASD status of these samples, there are several reasons why this may be the case. First, there are certain genes that confer a stronger ASD phenotype in girls compared to boys \[[41](#CIT0041),[42](#CIT0042)\]. Thus, while we see the trend in both sexes, it is possible that dysregulation of this gene may manifest phenotypically more in girls. Alternatively, it may be that the regulatory relationship between methylation and expression is retained in females while altered methylation further exacerbates an already fragile relationship in males. Overall, this data confirms that the region of DNA methylation within *DLGAP2* that was differentially methylated in the sperm of cannabis users compared to controls is functionally important in the brain.

*DLGAP2* is an imprinted gene that exhibits paternal expression in the testis, biallelic expression in the brain, and low expression elsewhere in the body \[[30](#CIT0030)\]. Because the methylation established at imprinted genes resists post-fertilization epigenetic reprogramming \[[43](#CIT0043)--[45](#CIT0045)\], this supports the possibility that changes in methylation at *DLGAP2* in sperm could be transmitted to the next generation. However, given that the region in intron 7 is not an ICR, it is unlikely that this would be a potential mechanism for intergenerational inheritance of an altered methylation pattern at this region. However, it has recently been discovered that a subset of genes termed 'escapees' are able to escape primordial germ cell (PGC) and post-fertilization reprogramming events \[[46](#CIT0046),[47](#CIT0047)\], providing a mechanism for epigenetic changes incurred by sperm to be passed on to the subsequent generation.

Processes in the PSD are sensitive to endocannabinoids \[[26](#CIT0026),[48](#CIT0048)--[51](#CIT0051)\], which suggests that these processes are potentially sensitive to exogenous cannabinoids, such as THC and cannabis. This is especially important as cannabis legalization and use are increasing dramatically across the U.S. It is estimated that 22% of American adults currently use cannabis, of which 63% are regular users (≥1--2 times per month) \[[7](#CIT0007)--[10](#CIT0010)\]. Among regular users 55% are males and over half of all men over 18 have reported cannabis use in their lifetime \[[7](#CIT0007)--[10](#CIT0010)\]. Importantly, this age range includes individuals of reproductive age. Since almost half of all pregnancies in the U.S. are unplanned, there is concern that many pregnancies may occur during a time when one, or both, parents are using or are exposed to cannabis \[[52](#CIT0052)\].

Our results provide novel findings about the effects of paternal cannabis use on the methylation status of an ASD candidate gene, a disorder whose rates continue to climb, but whose precise aetiologies remain unknown. Studies are beginning to show that there is a potential for paternal intergenerational inheritance. In particular, epigenetic changes in umbilical cord blood of babies born to obese fathers were also found in the sperm of obese men. This study is the first to demonstrate that there are changes present in the sperm epigenome of cannabis users at a gene involved in ASD.

The results of this study have several limitations. The sample size was small, which might limit generalization of the study findings. However, even though our sample size was small, we were able to identify common pathways that were differentially methylated in both human and rat sperm, highlighting the potential specificity of these effects \[[25](#CIT0025)\]. We did not account for a wide variety of potential confounders such as various lifestyle habits, sleep, diet/nutrition, exercise, etc, given that their influence on the sperm DNA methylome is largely unknown. Larger studies are required to confirm these findings. In the conceptal tissues we were only able to analyse whole brain, rather than the areas where *DLGAP2* is most highly expressed such as the hippocampus and the striatum, which could have diluted the strength of the results.

Strengths of the study included that we used a highly quantitative method to confirm the methylation status that was measured by RRBS. This study was the first demonstration of the association between cannabis use and substantial hypomethylation of *DLGAP2* in human sperm. Additionally, we are able to confirm a functional relationship between methylation and expression in a relevant target tissue, and have shown that the relationship between methylation and expression is weakened in males, which could bear relevance to the sexual dimorphism in the prevalence of autism. This is the first demonstration of potential heritability of altered methylation resulting from preconceptional paternal THC exposure. Given the increasing legalization and use of cannabis in the U.S., our results underscore a need for larger studies to determine the potential for heritability of *DLGAP2* methylation changes in the human F1 generation and beyond. It will also be important to examine how cannabis-associated methylation changes relate to neurobehavioral phenotypes

Methods {#S0004}
=======

Participants {#S0004-S2001}
------------

Participants were recruited as described in Murphy et al, 2018 and all aspects of the study were carried out in accordance with the Duke Institutional Review Board \[[25](#CIT0025)\]. Twenty-four males of age 18--40 years who met all inclusion and no exclusion criteria participated in the study. In brief, participants were excluded if there was a positive result for drugs of abuse on a rapid urine test (except for cannabis in the user group), if they were currently prescribed any psychoactive medication, if there was self-reported nicotine or tobacco use within the past 12 weeks (verified by urine cotinine levels), or if there was an estimated IQ \< 80 (see Murphy et al 2018 for more detailed participant characteristics). At screening, users (n = 12) reported ≥weekly cannabis use for the past six months, were positive for cannabis use on a rapid urine test and had unadjusted urinary 11-nor-9-carboxy-delta9-THC (THCCOOH) concentrations ≥50 ng/ml. Non-users (n = 12) self-reported no cannabis use in the past six months and fewer than ten lifetime uses at screening, with negative results for THCCOOH on a rapid urinary test and a verified urinary THCCOOH level of 0 ng/ml. Participants were scheduled for a visit to the Duke University fertility clinic to provide a semen specimen using procedures as previously described \[[25](#CIT0025)\]. Human conceptal tissues from elective pregnancy termination procedures including brain and testes were analysed from 28 individuals. Female samples (n = 13) had gestational ages ranging from 67d-122d, and male samples (n = 15 brain, n = 3 testes) had gestational ages ranging from 78d-108d. Samples were obtained between 1999 and 2010 from the NIH-funded Laboratory of Developmental Biology at the University of Washington and used with approval from the Duke Institutional Review Board.

Rat exposure to tetrahydrocannabinol (THC) {#S0004-S2002}
------------------------------------------

Nine-week-old, sexually mature male Sprague-Dawley rats were purchased from Charles River Laboratories and were housed 2--3 per cage. Rats were randomized to two groups that were dosed daily for 28 days via subcutaneous injection with vehicle only (4% TWEEN-80 in saline) (n = 8) or 4mg/kg THC (n = 7). Rats were sacrificed and the epididymis was placed in sterile PBS where the swim out method enriched the solution for mature (motile) sperm. Sperm were washed with PBS and were flash frozen in liquid nitrogen before being transferred to −80°C for further use. To study the intergenerational effects of paternal THC exposure, young adult Sprague-Dawley rats were dosed with 4mg/kg/day of THC by subcutaneous injection. Controls received vehicle (4% TWEEN-80 in saline). The rats were then bred with drug-naïve females. Subjects were maintained on a reversed 12/12 day-night cycle and had ad libitum access to food and water. Offspring (n = 8 control offspring and n = 6 4mg/kg/day offspring) were sacrificed at adulthood and brains were dissected to isolate the hippocampus and nucleus accumbens. After isolation tissues were flash frozen in liquid nitrogen before being stored in −80°C for further use. All study protocols were approved by the Institutional Animal Care and Use Committee and Duke University and conducted in accordance with federal guidelines.

DNA isolation from sperm {#S0004-S2003}
------------------------

DNA was extracted from human and rat sperm samples according to Qiagen's Puregene DNA Purification Protocol (Qiagen, Germantown, MD). Briefly, sperm samples underwent cell lysis and Proteinase K digestion, followed by treatment with RNase A solution. Following protein precipitation and removal, DNA was isolated and eluted in 30μL of nuclease-free water. Genomic DNA (gDNA) was quantified on the NanoDrop 2000 and quality was determined through measurement of the A~260/280~ and A~260/230~ ratios. gDNA was stored at −20°C for subsequent studies.

Reduced representation bisulphite sequencing (RRBS) {#S0004-S2004}
---------------------------------------------------

gDNA (200-500ng) from sperm of 12 cannabis users and 12 non-user controls was digested with *Msp*I enzyme and was subsequently used to construct DNA libraries that were sequenced by Zymo Research on the Illumina HiSeq Platform. Full details of the methodology and analytical approach are available in Murphy et al 2018 \[[25](#CIT0025)\].

Nucleic acid isolation from tissues {#S0004-S2005}
-----------------------------------

DNA and RNA were extracted from conceptal brain (n = 28) and testis (n = 3) tissues, and rat hippocampus (n = 20) and nucleus accumbens (n = 20) using the column-based isolation and purification Qiagen All Prep DNA/RNA Mini Kit according to the manufacturer\'s recommendations. DNA was eluted in 50-100μL of TE buffer, while RNA was eluted in 35-50μL of nuclease-free water. DNA and RNA were quantified on the NanoDrop 2000 immediately following extraction. Following quantification, DNA was stored at −20°C and RNA was stored at −80°C for further use.

Bisulphite pyrosequencing {#S0004-S2006}
-------------------------

Pyrosequencing assay design was performed using the PyroMark CpG Assay Design Software (Qiagen) and sequencing was carried out using the Pyromark Q96 MD Pyrosequencing Instrument (Qiagen) using 800ng of gDNA. PCR amplification and pyrosequencing were performed as previously described \[[53](#CIT0053)\]. Briefly, bisulphite DNA (bsDNA) (20ng) was used as a template for PCR amplification that was optimized to produce a single robust band. Primers and PCR conditions can be found in Table S2. Assay validation was performed in triplicate using defined mixtures of fully methylated and fully unmethylated DNAs (0%, 25%, 50%, 75%, and 100% methylated) in order to demonstrate the ability for increasing amounts of methylated DNA to be accurately measured. Once assay performance was validated, samples were analysed using the optimized assay conditions.

Quantitative real-time reverse transcription-PCR {#S0004-S2007}
------------------------------------------------

Quantitative real-time RT-PCR was performed for *DLGAP2* expression in conceptal brain tissues, as well as *Dlgap2* expression in rat nucleus accumbens using the QuantStudio 6 Flex Real-Time PCR System from Thermo Fisher Scientific (Waltham, MA). DLGAP2 (Taqman probe ID: Hs01109777_m1), and the 18S rRNA Endogenous Control (probe ID: Hs99999901_s1) probes were multiplexed in a 1:1 ratio for each sample. PCR mastermix contained a final volume of 100ng/μL RNA, 1μL of each probe, 10μl of Quantabio qScript one-step RT-qPCR ToughMix (QuantaBio, Beverly, MA), and was brought to a total reaction volume of 20μL with nuclease-free water. Samples were run in duplicate and PCR cycling conditions were as follows: 50°C for 10 minutes, followed by 95°C for one minute, and finally followed by 40 cycles of 95°C for 10 seconds and 60°C for one minute. For rat tissues, Dlgap2 (Taqman probe ID: Rn00588099_m1) and Gapdh (Taqman probe ID: Rn01775763_g1) were multiplexed in a 1:1 ratio for each sample and samples were prepared and run as described above.

Statistical analyses {#S0004-S2008}
--------------------

GraphPad Prism Version 8 was used for statistical analyses (GraphPad Software, San Diego, CA). For bisulphite pyrosequencing of human sperm samples for *DLGAP2*, as well as bisulphite pyrosequencing of rat sperm and hippocampus and nucleus accumbens of rats born to THC exposed fathers, a two-tailed Student's t-test was run for each CpG site, comparing the means of the users and controls. Unadjusted p-values are reported, and those that remain significant after Bonferroni corrections were identified. To quantitatively examine the relationship between methylation and expression in brain tissues, delta delta CT was calculated and fold change expression was determined with expression levels normalized to the lowest expressing tissue. A Pearson correlation was run to identify the relationship between the level of DNA methylation and the fold change expression for each sample, which are the reported R and P values. This analysis was run for all 28 brain samples together, and then was calculated for males (n = 15) and females (n = 13) independently due to existing prior knowledge of sex differences in autism. To quantitatively examine the relationship between DNA methylation and expression in rat F1 offspring nucleus accumbens tissues (n = 6 exposed, n = 8 unexposed) of F0 THC-exposed/unexposed fathers, delta Ct was calculated and relative expression was determined (using levels of Gapdh to normalize) and multiplied by a constant value of 10 for ease of presentation. These values were correlated to *Dlgap2* CpG site 2 methylation using Pearson correlation.
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